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Abstract

2D transition metal dichalcogenides (TMDCs) have been extensively attractive for nano-electronics and nano-
optoelectronics due to their unique properties. Especially, WSe,, having bipolar carrier transport ability and sizable
bandgap, is a promising candidate for future photodetectors. Here, we report an in-plane WSe, homojunction
formed by the interface gate of the substrate. In this architecture, an insulated h-BN flake was used to make only
part of WSe, flake contact substrate directly. Finally, the structures of WSe,/substrate and WSe,/h-BN/substrate
construct an in-plane homojunction. Interestingly, the device can operate in both photovoltaic and
photoconductive modes at different biases. As a result, a responsivity of 1.07 A W~ with a superior detectivity of
over 10" jones and a fast response time of 106 pis are obtained simultaneously. Compared with previously reported
methods adopted by chemical doping or electrostatic gating with extra bias voltages, our design provides a more
facile and efficient way for the development of high-performance WSe,-based photodetectors.
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Introduction

In recent decade, 2D transition metal dichalcogenides
(TMDCs) have drawn great attention owing to their par-
ticular properties. High in-plane mobility, tunable band-
gap, mechanical flexibility, strong light-matter interaction,
and easy processing make them very competitive for fu-
ture nano-optoelectronics devices [1-20]. Especially, tung-
sten diselenide (WSe,), a bipolar semiconductor with
facile carrier-type manipulation, allows remarkably poten-
tial applications in the junction-based photodetectors
[21-28]. So far, the main strategies of constructing junc-
tion solely in WSe, include chemical doping and electro-
static gating. For example, recently, an intramolecular
WSe, p-n junction was reported [26]. The n region and p
region within WSe, were formed by polyethyleneimine
chemical doping and back gate control, respectively. The
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p-n junction presented a responsivity of 80 mA W' and
200 ps response time. Sun et al. doped WSe, by using
cetyltrimethyl ammonium bromide to form intramolecu-
lar p-n junction, in which the responsivity and the re-
sponse time are 30 A W' and ~ 7 ms, respectively [27].
Baugher et al. demonstrate a lateral WSe, p-n junction
achieved by electrostatic gating through applying two gate
biases with opposite polarity. The responsivity of 210 mA
W' has been obtained [28]. However, due to the inevit-
able chemical impurities and the necessary multiple bias
settings, these methods make the fabrication and applica-
tion of junction-based devices complex and difficult. As-
sembling various 2D materials to build vertical van der
Waals heterostructures like WSe,/MoS, junction [29] has
become popular for the development of novel photodetec-
tors. But, in this configuration, the process of carrier
transport between different layered materials suffers from
the interface defects, which restricts the device response
speed. For the Schottky junction formed between metals
and 2D materials, the Schottky barrier height is usually
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determined by Fermi-level pinning, which is uncontrol-
lable and has a great impact on the responsivity of the de-
vices. Additionally, the reported works cannot seem to
possess both high responsivity and fast response speed.
Here, we demonstrate a facile and more efficient way
to realize an in-plane WSe, homojunction. In the archi-
tecture, part of WSe, channel is on the Si/SiO, substrate
and the other part is on the h-BN flake. This scheme is
common in floating/semi-floating gate memories, in
which the h-BN is adopted as gate dielectric layer [30,
31]. The charges stored on one side of h-BN layer can
regulate the conductivity of the material on the other
side. In our work, however, the h-BN flake as a perfect
isolator is used to eliminate the interface gating effect on
the WSe, channel. The polarity of WSe,, which part is
only on the Si/SiO, substrate, can be modulated by
interface gate. As a result, the devices operate in
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photovoltaic (PV) mode well at zero bias. Meanwhile, it
exhibits photoconductive (PC) characteristics at high
bias. A responsivity of 1.07 A W™ with a superior detec-
tivity of over 10" jones and a fast response time of
106 s are obtained simultaneously without the intricate
device design and the risk of introducing additional
chemical impurities.

Results and Discussion

Figure la shows a schematic of the in-plane WSe,
homojunction. It can be seen that part of WSe, flake is
placed on h-BN flake (WSe,-h) and the other part con-
tacts the Si/SiO, substrate directly (WSe,-S). The func-
tion of h-BN is to isolate the interface gate (IG) of the
Si/SiO, substrate on the WSe,-h. So, the formation of
homojunction between WSey-h and WSe,-S mainly re-
lies on the IG modulating the polarity of WSe,-S. The
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Fig. 1 Schematic of an in-plane WSe, homojunction. a Structure of the device. b Optical image of the device. Part of WSe, contacts h-BN flake while
the other part contacts Si/SiO, substrate. ¢ AFM image of the device. The white dotted lines indicate the positions where the thickness of h-BN (left)
and WSe, (right) are extracted. For the channel between E1 and E2, the average width (length) is ~ 19.15 (~ 6.33) um. For the channel between E2
and E3, the average width (length) is ~ 23.15 (~ 5) um. For the channel between E3 and E4, the average width (length) is ~ 22 (~ 5.38) um. d, e Height
profiles of WSe, and h-BN flakes. f Raman spectra of WSe, and h-BN flakes with 532 nm laser excitation
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IG is produced by the trapped charges at the SiO, sur-
face. This will be discussed below in detail. Figure 1b
presents the optical picture of the device. Four elec-
trodes (E1-E4, Ti/Au) were prepared by electron-beam
lithography, metallization, and the lift-off process. The
thickness of materials is characterized by atomic force
microscope (AFM) (see Fig. 1c). The height of WSe, (h-
BN) flake in direct contact with the Si/SiO, substrate
(white dotted lines) was measured as 65 (23) nm (see
Fig. 1d, e). It can be seen that there is a slope instead of
sharp step in the height profile between the WSe, (h-
BN) and the Si/SiO, substrate. This may be due to the
residual photoresist at the edge of the material. Figure 1f
shows the Raman spectra of WSe, and h-BN flakes. For
the WSe,, the first order E,; and A;; Raman modes are
clearly distinguished ~ 250 cm™, suggesting that the
WSe, has a multilayer morphology [32, 33]. For the h-
BN, the Raman peak of E;; mode at ~ 1370 cm™! is ob-
served. Due to the large bandgap of h-BN, the Raman
signal is weak compared with that in WSe, [34].

To explore the effect of substrate on WSe,, transfer
characteristics of WSe,-S and WSe,-h were studied sep-
arately. As shown in Fig. 2a, both transfer curves exhibit
bipolar behavior and an obvious hysteresis can be ob-
served in the curve of WSe,-S (black) compared with
that of WSe,-h (red). The current of WSe,-h is higher
than that of WSe,-S. The steep slope in the curve of
WSey-h indicates a relatively large transconductance,
which is proportional to carrier mobility. For WSe,-S,
the hysteresis is attributed to the charge trapping at the
SiO, surface [35-38]. When V, was swept from - 30 to
0V, the negative V, makes the WSe, populated with
holes and drives some holes into the SiO, (see Fig. 2b).
The trapped holes in SiO, generate a positive local gate,
ie, IG, to modulate the WSe, conductance in return
(weak depletion effect). Therefore, the charge neutrality
point of V, appears around - 5V. Similarly, when V,
was swept from 30 to 0V, the positive V, makes the
WSe, populated with electrons and also drives some
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electrons into the SiO, (see Fig. 2c). The trapped elec-
trons in SiO, generate a negative IG to modulate the
WSe, conductance in return (the same weak depletion
effect). So, the charge neutrality point of V, appears
around 5 V. For WSe,-h, the h-BN flake inhibits the car-
rier transfer between WSe, and SiO, under V,; modula-
tion. This is the reason for the non-obvious hysteresis in
the WSe,-h curve. Therefore, an in-plane homojunction
can be formed simply by taking advantage of the IG.
Figure 3a shows the I3-Vy curves of the device under
dark and light conditions at V; = 0V. The source-drain
voltage is applied on electrodes E2 and E3 (see the inset).
It can be seen that the short-circuit currents (at V4 = 0V)
increase with the incident power, indicating a PV effect.
Interestingly, the curves also present PC characteristics at
Vq = £ 1 V. For the former, the photocurrents are attrib-
uted to the homojunction. As shown in Fig. 3b, although
Vq and V, were set at 0V, a few already trapped holes in
SiO, form a small positive IG to modulate the WSe,-S.
So, the n"-type WSe,-S and intrinsic WSe,-h (without the
effect of IG due to the isolation by h-BN flake) constitute
an in-plane homojunction. Under illumination, the photo-
excited electron-hole pairs will be separated by built-in
field of the homojunction. Although I;-Vy4 curves present
PV characteristic well at zero bias, the homojunction did
not show a rectifying behavior maybe due to the relatively
weak built-in field compared with the externally applied
Vg For the latter, the whole WSe, flake as a photocon-
ductor responds the light signal at high bias. The photoex-
cited carriers will be driven to the electrodes by V.
Therefore, the photoresponse in Fig. 3a is the result of
synergistic effect of PV and PC modes. The responsivities
as a function of the light power for different V4 are sum-
marized in Fig. 3¢, given by R = I,n/PA, where I, is the
photocurrent, P is the power intensity, and A is the effect-
ive photosensitive area of the detector [39, 40]. During the
calculation, the effective photosensitive area, i.e., the WSe,
part between E2 and E3, is 115.75 um® The responsivities
of 1.07 A W and 2.96 A W' are obtained for V of 0V

Q
(o

- ——Wse,-S (E1-E2)
——WSe,h (E3-E4)

-30 -20 -10 0 10 20 30
v,(v)

represent holes and electrons, respectively

V,=-30V

Fig. 2 Transfer characteristics. a /y-V curves of WSe,-S (black line) and WSe,-h (red line). The sweep direction of V; is indicated by the arrows. b,
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Fig. 3 Photoresponse performance of the homojunction acquired between E2 and E3. a Drain current as a function of source-drain voltage
applied on electrodes E2 and E3 (see the inset) with variable light power intensity (637 nm). b Formation mechanism of the homojunction at V
=0V and V4 = 0V. ¢ Responsivity as a function of light power. d, e Temporal response of the device acquired at V4 = 0V for 637 nm
illumination. An oscilloscope was used to monitor the time dependence of the current

and 1V, respectively. The specific detectivity (D) as an
important parameter determines the capability of a photo-
detector to response a weak light signal. Assuming that
the shot noise from the dark current is the major contri-
bution, D can be defined as D* = RAY?/(2el4,4) "%, where
R is the responsivity, A is the effective photosensitive area,
e is the electron charge, and Iy, is the dark current [41,
42]. Benefitting from the extremely low I,y D" of 33 x
10" jones (1 jones = 1cm Hz"?>W™) and 1.78 x 10™
jones are achieved for V4 of 0V and 1V, respectively.
Moreover, response time as a key figure of merit has been
studied. As shown in Fig. 3d, a high and a low current
state acquired at Vg = 0V have been obtained with the
light modulation. The transient photoresponse exhibits
highly stable and reproducible characteristics. Figure 3e
gives a single modulation cycle of temporal response. The
rising time (¢,), defined as the time necessary for the

current to increase from 10% Ipeqi to 90% Ipear, Was found
to be ~ 106 ps, and the falling time (t;), defined analo-
gously, was found to be ~91 ps. Figure S1 shows temporal
response of the device acquired at V4 = 1 V. ¢, and ¢ were
found to be ~105pus and ~ 101 ps, respectively. Table 1
summarizes the reported WSe, homojunction formed by
different methods. Obviously, the device in our work has
high D', comparable R, and relatively fast response speed.
Moreover, Figure S2 presents the photoresponse charac-
teristics of the other three devices. Distinct PV and PC
currents can be observed at zero and high bias, respect-
ively. The detectivity of all the WSe, homojunctions is
higher than 10'? jones, and the response time is a little
more than 100 ps, proving that our devices can repeat the
high-performance photodetection very well.

Figure 4a and b present the I;-Vy characteristics of
WSey-h and WSe,-S separately. The curves of both

Table 1 Optoelectronic characteristics of WSe, homojunction formed by different methods

WSe, homojunction formed by Wavelength (nm) Responsivity (A W) Detectivity (jones) Time References
h-BN/two gates 532 7x107* - 10ms 24
SiN/two gates 500-900 0016 - - 25
Polyethylene imine chemical doping 520 0.08 10" 200ps 26
Cetyltrimethyl ammonium bromide chemical doping 450 30 10" 7.8 ms 27
HfO,/two gates 532 0.21 - - 28
h-BN/interface gate 637 107 10" 106us  This work
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Fig. 4 Effect of Schottky junction on photoresponse. a Iy-V4 curves of WSe,-h with source-drain voltage applied on electrodes E3 and E4 (see the
inset) under light illumination (637 nm). b /4-V4 curves of WSe,-S with source-drain voltage applied on electrodes E1 and E2 (see the inset) under
light illumination (637 nm). ¢ Schematic band diagram of the homojunction device with asymmetric Schottky contacts, i.e., E2/WSe»-S and E3/
WSe,-h, at zero bias

WSe,-h and WSe,-S exhibit PC property, and there is
no photocurrent at zero bias. In fact, Ti/WSe,/Ti should
be supposed to form a metal/semiconductor/metal
structure which contains two Schottky junctions with
opposite built-in field. So, the I4-Vy4 curves should be
cross the zero-point and exhibit PC behavior. In our
case, due to the different work functions of WSe,-h and
WSe,-S, there are two asymmetric Schottky contacts,
i.e., E2/WSe,-S and E3/WSe,-h, as shown in Fig. 4c. At
zero bias, the direction of net photocurrents originated
from the Schottky junctions is opposite to that in the
homojunction, and the experiment result shown in Fig.
3a is consistent with the latter. Therefore, the homo-
junction formed between WSe,-h and WSe,-S is the rea-
son for the short-circuit photocurrents.

To further demonstrate that the photoresponse at zero
bias is attributed to the homojunction, the output prop-
erties were investigated through measuring the I4-Vy4
curves of the device with the source-drain voltage ap-
plied on electrodes E1 and E4. As shown in Figure S3a,
the curves, same as the situation in Fig. 3a, also exhibit
the PV and PC characteristics. As discussed above, for
the former, the photocurrents are attributed to the built-
in field of in-plane homojunction formed between
WSe,-S and WSe,-h. For the latter, the photocurrents
are attributed to the collection of photoexcited carriers
by the externally applied V4. The responsivities as a
function of the light power for different V4 are summa-
rized in Figure S3b. The responsivities (detectivities) of
051 A W' (221 x 10" jones) and 3.55 A W' (5.54 x
10'? jones) are obtained for V4 of 0V and 1V, respect-
ively. During the calculation, the effective photosensitive
area, ie., the WSe, part between El and E4, is
519.4 um®. The response time measured at zero bias is
shown in Figure S3c and 3d, in which the rising time is
289 ps and the falling time is 281 ps. For the V4 of 1V
(Figure S3e and 3f), the rising and falling time are 278 us

and 250 ps, respectively. The response speed is a little
slower than that measured between electrodes E2 and
E3, because the relatively long conductive channel in-
creases the photocarrier transmission distance and the
probability for the interaction between photocarriers and
defects.

Conclusion

In summary, we have demonstrated an in-plane WSe,
homojunction by electrically tuning partial WSe, flake
through interface gate. Compared with existing ap-
proaches like chemical doping and electrostatic gating
by taking advantage of two gate biases, this design gives
a more facile rout to realize WSe, homojunction. With
light illumination, the device produces distinct short-
circuit photocurrents with a detectivity of 3.3 x 10"
jones. At high bias, the device presents photoconductive
characteristic and generates photocurrents with a detec-
tivity of 1.78 x 10! jones. A response time as fast as
106 ps is also obtained simultaneously. Our study pro-
vides an efficient and reliable way for the development
of high-performance WSe,-based photodetectors.

Methods

Both WSe, and h-BN bulk materials were purchased
from Shanghai Onway Technology Co., Ltd. First, the h-
BN and WSe, flakes were mechanically exfoliated onto a
p*-Si/SiO, (300 nm) substrate and a poly-dimethyl silox-
ane (PDMS) layer, respectively. Then, a micromanipula-
tor was used to put the WSe, flake, which is adhered to
PDMS, onto the target h-BN flake through the micro-
scope to locate the position. Part of WSe, flake overlaps
the h-BN flake. Finally, the WSe, flake was released from
PDMS through heating the substrate. The electrodes
(Ti/Au) were prepared by electron-beam lithography,
metallization, and the lift-off process. Photoresponse
measurements were conducted using Agilent B1500
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semiconductor parameter analyzer and laser diode with
the wavelength of 637 nm.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/511671-020-03342-9.

Additional file 1: Figure S1. Temporal response of the device acquired
at Vy =1V for 637 nm illumination. Figure S2. Photoresponse of the
other three devices under 637 nm illumination. Figure S3
Photoresponse performance of the homojunction acquired between E1
and E4.
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